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1. 	Scientific Summary 
1.1 Experimental Results  
The mechanical properties of dog pericardium were studied in twenty 
uni-axial experiments. In each experiment, the stretching force and 
elongation in the direction of the force were measured. Results indicate 
that: 
a) the resulting force versus elongation curves are relatively inde-
pendent of the rate of loading. 
b) the pericardium is viscoelastic: loading and unloading curves 
are not the same. 
c) the response, in constant stretch rate experiments, approaches a 
steady state after five or six load/unload cycles. 
These results are representative of soft tissue mechanical behavior 
(Fung 1973), though they had not been previously verified for the peri-
cardium. 
The experiments (to the author's knowledge) are the most complete 
study of pericardial mechanical properties yet conducted. Details may be 
found in Vito (1979). 
1.2 Analytical Results  
The complicated nonlinear viscoelastic behavior of the specimens com-
plicates the analysis. The following assumptions were made: 
a) individual load/unload cycles were analyzed assuming elastic 
(time independent) behavior. 
b) the mechanical properties were assumed to be direction independent 
(isotropic behavior). 
c) the tissue was assumed homogeneous, i.e., microstructure was ignored. 
d) the tissue was assumed incompressible, i.e., there is no volume 
change associated with the deformation. 
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These assumptions are justified primarily by the preliminary nature of 
this study. Additional justifications may be found in Vito (1979). 
For the stated assumptions, the mechanical response of the tissue is 
completely determined by an elastic potential function W. Uni-axial exper-
iments do not uniquely determine the function W. However, any suitable 
function must agree with the known data. Several functional forms for W 
have been proposed in the literature on soft tissues, e.g. Vito (1973), 
Fung (1973). The experimental data was in good agreement, in a least 
squared sense, with a function containing two material parameters. This 
function is similar in form to that characterizing rubber elasticity. 
The two material parameters and their distributions were determined. 
Results and additional details may be found in Vito (1979). 
It should be noted that the determination of a constitutive law, 
which reduces, in the present case, to the determination of the function 
W, is fundamental to the consideration of the mechanical functions of the 
pericardium. Additional information concerning W can be obtained from 
bi-axial mechanical tests. Bi-axial tests are mechanical tests in which 
the specimens are stretched in each of two orthogonal directions. These 
experiments are in progress. Preliminary results indicate that the func-
tional form for W mentioned above is suitable for matching the bi-axial 
data as well. 
1.3 Model Results  
Mechanical modelling of the heart may be useful in the interpretation 
of clinical measures of cardiac function as well as in understanding the 
basic physiology of heart muscle in health and disease. Many such models 
have been proposed in the literature but none, to the author's knowledge, 
2 
have included the pericardium. 
Accordingly, the effects of the pericardium on a simple, but repre-
sentative, heart model were considered. The model makes use of the exper-
imental data discussed above. 
The effects of pericarditis (pericardial thickening) and effusion 
(increased pericardial fluid volume) were simulated (Vito 1979, Vito et 
al 1979). In both cases the pericardium had significant effects on the 
pericardial fluid pressure and on the distensibility of the heart. Sim-
ilar effects on the stresses in the ventricular wall and the work load on 
the heart are expected. 
The model is a simple one and open to criticism. It does appear, how-
ever, that the mechanical properties of the pericardium are of fundamental 
importance in the consideration of any cardiac model. 
Publications  
Two publications, Vito 1979 and Vito et al 1979, resulted from this 
work (copies attached). 
Research Continuation  
As previously mentioned, bi-axial experiments are in progress. A pro-
posal seeking support for continuing this research has been prepared for 
submission to NSF. 
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THE ROLE OF THE PERICARDIUM IN CARDIAC 
MECHANICS 
RAYMOND p. Vi -ro* 
School of Engineering Science and Mechanics, Georgia Institute of Technology, 
Atlanta, GA 30332, U.S.A. 
Abstract - This paper considers the effects of the pericardium on a mechanical model of the heart. The model, 
based on the theory of large elastic deformation, makes use of experimental data for the pericardium reported 
herein. 
INTRODUCTION 
The pericardium is the tough fibrous sac enclosing the 
lean of most vertebrates, including man. It serves to 
.told the heart in a fixed position and to isolate and 
xotect it from other thoracic structures. The peri-
Airdial sac contains fluid (pericardial fluid - similar to 
)lood serum) which serves to lubricate the outer 
.urfaces of the heart. 
Anatomically, the pericardium consists of a thin 
nembrane covering the heart (the visceral pericar-
iium), surrounded by a thick fibrous sac (the parietal 
cricardi um). The sac is generally attached to the great 
'essels, the sternum, the vertebral column and the 
.iaphragm (Holt, 1970). 
Histologically, the parietal pericardium consists of 
lterlaced collagen and elastin fibers, relative corn-
osition being a function of age in man (Holt, 1970). 
The pericardium is not essential to life and its 
=oval does not result in any obvious disability, 
tough there may be long term effects such as cardiac 
ypertropy (Fowler, 1970). Its constrictive function, 
owever, can have fatal consequences in pathological 
tuations, such as cardiac tamponade (impairment of 
iastolic filling of the heart caused by an unchecked 
.se in intrapericardial pressure) and constrictive peri-
irditis (inflammation of the pericardium, resulting in 
Astriction of the heart). 
From this discussion, it appears that the mechanical  
sponse of the pericardium can have important effects 
n cardiac function. Its restriction of free myocardial 
i ;pansion can effect myocardial wall stresses. Elevated 
ress may be responsible for ischemia of the ventri-
liar wall (Mirshy, 1973). This may be important in 
.ses of pericarditis associated with myocardial 
farction. 
Attempts to model the heart (Demiray, 1976; 
lirsky, 1973; Voukydis, 1972a, b, c; Janz et al., 1972; 
ould et al., 1972; Ghista et al., 1969; Mirsky, 1969; 
hista et al., 1968; Wong et al., 1968) have not 
eluded the pericardium. These models may be criti-
zed in many ways. Nevertheless, much current 
search in biomechanics has as its goal a model of 
• Received 10 October 1978.  
cardiac function in health and disease. Such a model 
must include the effects of the pericardium. 
Very little is known about the mechanical response 
of the pericardium. Only three papers (Rabkin et al., 
1974, 1975; Hildebrandt et al., 1969) could be found 
from 1940. These papers are based on a small number 
of experiments, six in the case of Rabkin et al. (1974, 
1975) and an unspecified number in the case of 
Hildebrandt et al. (1969). 
In this paper, the one-dimensional elastic response 
of dog pericardium was determined in 20 experiments. 
The results were analyzed statistically and used to 
model the effect of the pericardium on the heart. 
EXPERIMENT 
A total of twenty experiments were conducted using 
tissue from 10 dogs of varying weight, age and sex. All 
experiments were conducted within 24 hr of sacrifice; 
the tissue being maintained in normal saline at 5`C 
prior to use. All experiments were conducted with the 
tissue immersed in normal saline at 37''C. 
Specimens approximately 3.5 cm in length and 
0.5 cm in width were prepared. Hildebrandt et al. 
(1969) observed an apparent insensitivity of results to 
orientation of the specimen. Hence the orientations of 
the specimens were not recorded. 
The ends of the tissue were sandwiched between 
square pieces of balsa wood approximately 0.5 cm on a 
side. The balsa was then tied securely using 000 silk. 
Fish hooks, passing through the balsa and tissue, were 
used to attach the tissue to fine jewelers chain. The 
chain was in turn attached to a force transducer 
(Statham) and to the movable rod of a one-
dimensional testing device. 
Specimens were loaded to 49,000 dyn (50 g-force) 
and unloaded at a constant strain rate to zero force. 
Since strain rate had little effect on the resulting force 
deformation curves, a constant rate of 0.25 cm/min 
was used. Between 3 and 5 load-unload cycles were 
required to precondition the specimens (Fung, 1973). 
Data consists of the undeformed dimensions and 
continuous measurements of force and change in 
length. Length change was measured using a DCDT 
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(Hewlett-Packard). Data was taken digitally using a 
microprocessor (Intel 8080) controlled twelve bit A/D 
converter (Burr Brown). Approximately 240 data sets 
were taken per load-unload cycle. All data was stored 
on a floppy disk (Digital Systems) and later transmit-
ted, using a modem, to the Georgia Tech Computer 
Center for analysis. 
ANALYSIS AND DATA REDUCTION 
The specimens were assumed to behave as homo-
geneous, isotropic, incompressible materials (Hilde-
brandt et A, 1969). Though the material responds 
viscoelastically, each load or unroad cycle was mod-
eled as if the material response were purely elastic. 
This kind of analysis is fundamental to the develop-
ment of more complex nonlinear viscoelastic models 
(Fung, 1973). 
The elastic response is completely determined by the 
response function W(1 1 , 1 2 ) (Green and Zerna, 1954), 
where!, and 12 are the strain invariants. In particular, 
the one-dimensional response is easily shown to be 
(Green and Adkins, 1960) 
T(A) = (A - -
1





(to = ,,.•6141 	




!, = + 
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T is the stress referenced to the undeformed cross 
sectional area and A is the extension ratio. 
One-dimensional data is not sufficient for the 
unique determination of W. Such a determination re-
quires a bi-axial test in which the principal strains may 
be independently varied. Nevertheless, any suitably 
chosen form for W must agree with all known results. 
Several suitable forms for W have been proposed 
in the literature. In particular, we note the 
exponential - polynomial form of Fung (1973), the 
exponential form of Demiray and Vito (1976) and the 
polynomial form of Vaishnav et at (1972). 
The experimental data reported here was found to 
be in good agreement, in a least acquired sense, with 
predictions of the following two parameter model 
W(1 1 ,1 2 ) = cr(!, - 3) s . 	 (3) 
This is a modification of the well known Mooney 
model for rubber and is in this way similar to that used 
by Hildebrandt et al. (1969) in their analysis of uniform 
bi-axial tests of pericardium. 
The constants x and # were determined for a least 
squared fit to the data, using a simple algorithm found 
in Berghaus (1977). 
RESULTS 
In three experiments, the tissue was observed to slip 
in the supports and hence these data were not used. 
Experimental data and -theoretical predictions for a 
representative load cycle are shown in Fig. 1. Figures 2 
and 3 give the distribution of results for 60 load and 
unload cycles. Considerable scatter, typical of biologi-
cal experiments, is evident. A summary of results is 
given in Table 1. 
MODEL 
In this section, the above results will be used to 
illustrate the effects of the pericardium on a model for 
heart. The model, based on the theory of large elastic 
deformation, is similar to that given by Mirsky (1973) 
and Demiray (1976), in that the ventricle is considered 
to be a sphere composed of a homogeneous, isotropic, 
incompressible, elastic material. The pericardium, not 
previously considered, will be assumed to be a second 
sphere similarly composed and concentric with the 
first. 
Fig. 1. Representative plot of stress vs stretch ratio. 
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Table 1. Summary of results of seventeen experiments 
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Consider the deformation which takes a point with 
spherical co-ordinates (R,0. 0) in the undeformed geo-
metry to a point (r, 0, 0) in the deformed geometry. 
This deformation field is analyzed in Green and 
Adkins (1960). An outline of their solution, as it applies 
here, follows. 
From incompressibility, one obtains the equation 
for r(R) 




r 3 = R ' - R N O + 410 
for the heart and 
r 3 = R 3 — 	+ rvr 	 (6) 
for the pericardium. Here R,,0 and r", are, re-
spectively, the undeformed and deformed external 
radii for the heart, and RP, and r t., are, respectively, the 
undeformed and deformed internal radii for the 
pericardium. 
For convenience, introduce the nondimensional co-
ordinate x 	r/ R. The strain invariants are then 
It = x4 + _ 2 
X 
The stresses become 
T" = 2x 2 `11 + p + x 4(I) 
41) 
Pr" = r2 r#4'iin 2 0 = 	+ 
l 
 + X 2 41 + p, 
where p is an unknown scalar function of position. 
The only non-trivial equilibrium equation may be 
given as 
Finally, the boundary conditions are 
r"(r") = — PPF  
r"(r,,,) = — P H 
for the heart and 
1°1r poi = 0 
er(r pi) = - PpF 
for the pericardium. Here r H, is the deformed inters 
radius of the heart, r pc, is the deformed external radi 
of the pericardium, P,, is the pressure in the heart a 
P pF is the pressure in the pericardial fluid. 
Equation (9) may be integrated for the heart a 
pericardium. Applying the boundary conditions, eqt 
tions (10) and (11), to the results gives 
PH — PPF = f [20 +x 3 )0 H + 2 (x + —
1
) TH]dx 






Xpo = -- 
RP() 
Assuming the pericardial fluid to be incompressib! 
and of volume V", one obtains 
dr 
- 	= 2(1 + x 3 )(1) + 2 (x + 1 	(9) 
d x X 2 , 
4 	 4 
V pF = IT(Rpi 40) - ir(4, — r40). (14 
3 	 3 
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where Op and p follow from the elastic potential Pi 
for the pericardium and O H and 'P H follow from tl 
elastic potential WH for the heart: 
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Fig. 5. The effect of varying pericardial thickness (pericarditis) on the pericardial fluid pressure of the 
deformed heart. 
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Given the initial dimensions, equations (5) and (6) 
may be used to calculate x Hi and xpo, while equation 
(14)determines x n . With these, eq uations (12) and (13) 
determine PH and Pp, for a deformation specified by 
XHO. 
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ABSTRACT 
The influence of the pericardium on a model of cardiac function is 
studied for the case of simulated pericardial effusion. The model 
makes use of experimental data on the mechanical properties of the 
pericardium previously reported by one of us (RPV). 
Both heart and pericardium are considered to be concentric elastic 
spheres separated by an incompressible fluid (pericardial fluid). 
(i ) 
Introduction  
The pericardium is the thin fibrous sac surrounding the heart of 
most vertebrates, including man. It serves to isolate and protect the 
heart from other thoracic structures and to help prevent cardiac hyper-
trophy. The pericardial sac also contains pericardial fluid which 
lubricates the heart. 
Histologically, the pericardium consists of a thin membrane (visceral 
pericardium) surrounded by a relatively thick fibrous sac (parietal 
pericardium). The later is composed of elastin and collagen fibers; 
relative composition being a function of age in man (Holt 1970). It is 
these fibers which account for the mechanical strength of the tissue. 
The pericardium is not essential to life and its removal does not 
result in any obvious disability. However, its restriction of free 
myocardial expansion can have life threatening consequences in cases of 
pericardial effusion (the infusion of fluid into the pericardial sac) 
and pericarditis (thickening of the pericardium) (Fowler 1970). 
Elevated ventricular wall stresses may also result in ischemia of 
the ventricular wall (Mirsky 1973). This may be important in cases of 
pericarditis and pericardial effusion associated with myocardial infarction. 
Much interest in biomechanics focuses on the development of mechanical 
models of the heart as a means of obtaining additional information from 
clinical measurements of cardiac function (e.g. Demiray 1976, Mirsky 1973, 
Voukydis 1972, a, b, c, Janz 1972, Could et aL 1972, Ghista 1969 a, b, 
Mirsky, 1969, Wong et al. 1968). None of these models includes the 
pericardium. 
In light of the above comments, it appears that the pericardium may be 
important in cardiac modelling. Of fundamental importance are the mechanical 
properties of the pericardium. Recently, Vito (1979) presented the results 
of a series of one-dimensional stretching experiments using dog pericardium. 
This paper uses these results,in a simplified model, to study the influence 
of the pericardium on the heart in the case of pericardial effusion. 
Experiment  
The experimental results will be briefly reviewed. The reader 
is referred to Vito (1979) for details. 
A total of twenty experiments were conducted using tissue from 
ten dogs. Though specimens exhibited viscoelasticity under cyclic 
loading, individual load/unload cycles were modeled assuming elastic 
behavior. 
Specimens were assumed to be homogeneous, isotropic and in- 
compressible. Justifications for these may be found in Vito (1979). 
Given these assumptions, the one dimensional stress-ellongation 
relationship for a prismatic bar is given by (Green et al. 1960) 
1 
T(A) = (A -
A
2P 


















Here T is the stress referenced to the underformed cross sectional area, 
L is the deformed and L
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 ) is the strain energy density function 
for the pericardium. 
The function W is not uniquely determined by one-dimensional tests. 
However, any choice for W must agree with all the known data. 
Several possible functional forms for W may be found in the literature 











OP 	 (3) 
resulted in a good fit, in a least squares sense, to the data. Note that 
equation (3) is a generalization of the familiar Mooney characterization 
of rubber elasticity. 
Table (1) summarizes the experimental results. 
Model 
The heart will be modeled as an elastic sphere composed of homo-
geneous, isotropic incompressible material. This model was considered 
by Mirsky (1973), Demiray (1976) and others. The pericardium, not pre-
viously considered, will be assumed to be a second elastic sphere, 
similarly composed and concentric with the first. 
Consider the deformation which takes a point with spherical co-
ordinates '(R, 0, 0) in the undeformed geometry to a point (r, 8, 0) in the 
deformed geometry. This deformation field is analyzed in Green et 
(1960). - An outline of their solution, appropriately modified, follows. 












for the heart and 
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for the pericardium. Here RHO and r
HO 
arc, respectively, the undeformed and 




are, respectively, the 
undeformed and deformed internal radii for the pericardium. 
For convenience, introduce the nondimensional co-ordinate x E r/R. 
The strain invariants are then 
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The stresses become 
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where p is an unknown scalar function of position and • and Y are deter-
mined from the strain energy density function. 
The only non-trivial equilibrium equation is 
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for the heart and 
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for the pericardium. Here rail is the deformed internal radius of the heart, 





pressure in the heart and PPF 
is the pressure in the pericardial fluid. 
Equation (8) may be integrated for the heart and pericardium. 
Applying the boundary conditions (9) and (10) to the results Rives 
HO 
PH - ppy . it 2 is(1 + x3)4H 
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where 4
P 
 and Y follow form the elastic potential W
P 
 for the pericardium 
and fH and Y H 
follow from the elastic potential wH 
for the heart: 
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Assuming the pericardial fluid to be incompressible and of volume VIII , 
one obtains 
4 	 4 	3 
V 	= TI(R 3- 	TT (r 	r 
PF 3 PI - HO 	3 PI HO 
Given the initial dimensions, equations (4), (5), (11) and (13) 




( 5 ) 
Results  
Both Demiray (1976)and Mirsky (1973) proposed forms for WH which are 
in good agreement with the experimental data of Sponitz et al (1966). 
Following Demiray (1976), we set 






= 1.256 and a = 4550 dynes/cm
2
. 
The pericardium is modeled using equation (3) with a = 1.816 x 10 8 
 dynes/cm2 and Op= 3.004 being the average valves found in Table (1). 
Normal pericardial fluid volumes for the dog range from 0.5 to 2.5 cc. 
A normal pericardial fluid volume of 1.5 cc was assumed. 





for various increases in pericardial fluid volume 
of AV
PF 
 (in cc). 
Discussion  
For the assumptions stated, one-dimensional data is not sufficient 
for the unique determination of W. Such a determination requires a bi-axial 
experiment in which the principal strains can be independently varied. 
These experiments have, to the author's knowledge, not been done. 
Though our model is .a simple one, it shows the importance of the 
pericardium in cardiac modelling. Figures (1) and (2) show the effects 
of increases in pericardial fluid volume to be significant. Pericardial 
fluid pressure is increased. Similar increases in the stresses in the 
heart wall can be expected. 
Consideration of more complex models, such as those based on the 
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Table 1: Summary of results for seventeen one dimensional experiments. 
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Captions for Figures  





the pressure in the heart. 










5-3 I 0" 








F/ 6 2 
